1. Introduction {#sec1}
===============

Atopic dermatitis (AD) is a complex and multifactorial chronic inflammatory skin disease that affects up to 18% of children and up to 5% of adults worldwide, with up to 90% of patients presenting with mild to moderate disease \[[@B1], [@B2]\]. This disease is characterized by erythematous and eczematous lesion, intense pruritus, dryness, and hypersensitive skin. All AD conditions are characterized by elevated peripheral eosinophilia counts and increased serum immunoglobulin E (IgE) levels \[[@B2]--[@B4]\]. The patient\'s skin with AD is very sensitive and has an appearance of chronic redness, after which the skin will thicken, gradually becoming harsh, affecting their appearance and contributing significant psychological, social, and quality-of-life burdens to patients \[[@B1]--[@B4]\].

Among the various types of allergic dermatitis, allergic contact dermatitis is a form of contact dermatitis that is induced by an allergic response to a multitude of chemical substances brought on by environmental contamination (allergens) \[[@B5]--[@B8]\]. It is well known that the balance of type 1 T helper (Th1) cell/type 2 T helper (Th2) cell cytokines and regulatory T cell/type 17 T helper (Th17) cell cytokines is a very important factor for the pathogenesis of allergic diseases such as allergic dermatitis \[[@B8]--[@B11]\]. In addition, local secretion of cytokines, such as TNF-*α*, IL-4, and IFN-*γ*, is very important for the induction of the allergic contact dermatitis \[[@B8], [@B12]--[@B14]\]. In the trimellitic anhydride- (TMA-) induced dermatitis-like contact hypersensitivity (CHS), the repeated challenges of TMA induced biphasic ear-swelling response and early- and late-phase responses \[[@B13]\]. At the repeatedly TMA-induced skin site, the morphologic changes such as eosinophil infiltration and blood vessel dilation are characterized by the delayed type CHS in humans \[[@B15]--[@B17]\]. Also, increased vascular permeability leads to dermal and epidermal edema, vascular compaction, and plasma extravasation \[[@B18]\].

Thermotherapy and cryotherapy are widely used as a traditional therapy in many cultures and are often prescribed in the treatment of various musculoskeletal and neurological conditions which present themselves to primary care physicians \[[@B19]--[@B23]\]. High-temperature thermal therapy is currently being implemented as a minimally invasive alternative to traditional surgery in the treatment of benign disease and cancer, as well as repair of sports injuries and tissue reshaping or modification \[[@B19]\]. And the use of local heat (thermotherapy) may provide relief of pain and painful muscle spasm through the acceleration of metabolic processes whereby the concentration of pain-inducing toxic metabolites is reduced \[[@B21]\]. Local cooling (cryotherapy) is often more effective in providing pain relief, especially in an acute condition. It acts primarily by decreasing metabolic activity, thus leading to a reduction in inflammatory response, as well as to a decrease in nociceptor excitability, nerve conduction velocity, and muscle contractility \[[@B21], [@B24]\]. However, these reports are not concentrated on their action mechanism but on just the physiological mechanism including relief of pain, stiffness, and muscle spasm.

The thermal energy can bring physical or biological changes to the tissues, each having a different effect depending on the range of energy applied. The temperature range from 0 to 25°C is shown to decrease blood perfusion and cellular metabolism effects. The temperature range from 40 to 46°C is shown to increase perfusion and induce thermotolerance effects \[[@B25]--[@B27]\]. The cold therapy and thermal therapy, using the thermal effects seen in the tissues, are widely used in the clinical area. However, it is reported that tissue damage occurs when tissue temperature is maintained at 15°C for a long period of time \[[@B27]\] and that there is a feeling of discomfort at 43°C \[[@B28]\]. Therefore, the application range was set from 15 to 43°C considering the effectiveness and safety of temperature therapy in this study.

Until now, there are no reports that investigated the effects of cold and hot thermal therapies on the skin inflammation of TMA-induced CHS mouse model, or the mechanism of thermal therapy on allergic skin inflammation. Therefore, in this study, to reveal the anti-inflammatory effect of thermal therapy and its mechanism on TMA-induced CHS, we analyzed ear thickness, serum IgE levels, histological examination, and cytokine levels.

2. Materials and Methods {#sec2}
========================

2.1. Cold and Hot Thermal Energy Transmitter {#sec2.1}
--------------------------------------------

In this study, we manufactured and used a device that could generate thermal stimulation (hot and cold). The device comprises a thermal generator, controller, and energy transmission part, and the thermal generator consists of heating and cooling modules. This device is designed to transmit cold and hot energy to the target on a repeated basis. It is capable of controlling the generation of heating and cooling characteristics by setting the operation time and objective temperature.

The cooling generator consists of the fan (36 × 36 mm, 24 VDC, 0.04 A) and evaporative cooler (self-production), and the heating generator consists of the fan and coil heater (self-production). The thermal energy created in each generator is transferred to the target using the air generated by the internal fans ([Figure 1](#fig1){ref-type="fig"}). The temperature of the thermal energy, which is generated in each thermal generator, is measured by the thermal sensor and is transmitted to the control system. The control system operates the cooling or heating generator based on the transmitted temperature.

2.2. Animals {#sec2.2}
------------

Specific pathogen-free male 5-week-old BALB/c mice, weighing approximately 20 g, were purchased from Damool Science (Daejeon, Korea). They were housed 6 per cage in a laminar airflow cabinet maintained at 23 ± 2°C at a relative humidity of 55 ± 10% with a 12-hour dark/light cycle throughout the study. All animal experiments were performed in accordance with the Guidelines for Animal Care and Use and were approved by the Institutional Animal Care and Use Committee of Chonbuk National University Laboratory Animal Center (CBN 2016-37).

2.3. Chemicals {#sec2.3}
--------------

Trimellitic anhydride (TMA) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was dissolved in a mixture of acetone (Junsei, Tokyo, Japan) and olive oil (Filippo Berio, Lucca, Italy) (A/O; vehicle 4 : 1) immediately before application. Formamide solution and Evans blue were purchased from Junsei (Tokyo, Japan) and Sigma-Aldrich (St. Louis, MO, USA), respectively.

2.4. Experimental Groups {#sec2.4}
------------------------

The mice were randomly divided into five experimental groups of six animals as follows: the vehicle group as a negative control, the TMA group as a positive control, the TMA + hot thermal therapy group (hot, 41°C), the TMA + cold thermal therapy group (cold, 15°C), and the TMA + alternating cold/hot thermal therapy group (alternating, 15/41°C).

2.5. Induction of Contact Hypersensitivity (CHS) {#sec2.5}
------------------------------------------------

Mice were sensitized on shaved back skin with 100 *μ*l of 50 mg/ml TMA in acetone: olive oil solution (A/O; vehicle) on days 0 and 7 under light anesthesia according to the modified method of Chai et al. From days 14 to 20, each left ear was repeatedly challenged with 20 *μ*l of 50 mg/ml TMA in A/O, and each right ear was repeatedly challenged with 20 *μ*l of A/O. From days 17 to 20, the mice were exposed to high or low thermal energy for 30 minutes and mixed thermal energy for 2 hr every consecutive day. Mice were sacrificed 24 h after the last challenge for further analysis ([Figure 2(a)](#fig2){ref-type="fig"}).

2.6. Ear-Swelling Measurement {#sec2.6}
-----------------------------

The ear thickness just before and after each TMA challenge was measured three times with a dial thickness gauge (Model 7326, Mitutoyo Manufacturing, Tokyo, Japan), and the difference was defined as ear swelling and expressed in units of 10-4 inches (mean ± SEM). In the time-course study, the ear thickness was measured after each TMA challenge.

Ear swelling was calculated as the following formula: $$\begin{matrix}
{Ear\, swelling = \left\lbrack {Thickness\text{ of }ear\, after\, TMA\, challenge - Thickness\text{ of }ear\, before\, TMA\, challenge} \right\rbrack.} \\
\end{matrix}$$

2.7. Passive Cutaneous Anaphylaxis (PCA) Reaction {#sec2.7}
-------------------------------------------------

Intravenous dye administration as a means for measuring allergic responses is a versatile assay as it can be used for measuring active, passive, and reverse passive reactions. A solution of 0.5% Evans blue is currently the standard dye used for measuring vascular permeability. To access the allergic responses with PCA in ear tissue, mice were intravenously injected with saline containing 0.5% Evans blue dye (EBD) via the tail vein of the mouse before the last TMA challenge. The EBD was extracted from the ears by incubating the same size ears with 1 ml of formamide overnight at 60°C. Collected perfusion fluid samples were centrifuged (1000 × g, 10 min, at 4°C) at 100 *μ*l each sample; supernatants were obtained to detect the observance at 620 nm using a microplate reader. The vascular permeability of ear tissue was evaluated by calculating the concentration of EBD in each sample according to a standard curve generated from known amounts of EBD.

2.8. Measurement of Serum IgE Concentration {#sec2.8}
-------------------------------------------

24 h after the last TMA challenge, blood was collected from the orbital venous plexus of anesthetized mice 24 h after the last challenge. The samples were centrifuged (1000 × g, 10 min, 4°C) to isolate the serum and stored at -80°C until analysis. IgE level in the serum was measured by enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems Inc., MN, USA).

2.9. Cytokine Assay {#sec2.9}
-------------------

After sacrifice, 24 h after the last TMA challenge, ear tissues of mice were collected and homogenized in a saline to a concentration of 100 mg/ml with a cOmplete, Mini, EDTA-Free Protease Inhibitor (Roche Applied Science), and the debris-free supernatant was used for cytokine measurement. The levels of IL-4, IL-5, IL-13, and in-ear homogenates were measured by ELISA kits (R&D Systems Inc., MN, USA) according to the manufacturer\'s protocol.

2.10. Histological Examination {#sec2.10}
------------------------------

24 hours after the last challenge, animals were sacrificed and both ears of the animals were excised. Specimens were fixed immediately by immersion in 10% neutral-buffered formalin solution for 12 hours at 4°C. The fixed specimens were dehydrated in a graded series of alcohols, embedded in paraffin. The sections were cut to 4 *μ*m by a microtome (SM 2000R, Leica, Jena, Germany) and stained with hematoxylin and eosin for general histological structure, Congo red for eosinophil infiltration, and toluidine blue for mast cell activation.

2.11. Statistical Analysis {#sec2.11}
--------------------------

Each experiment was repeated three times with 6 animals per group. Data are expressed as mean ± SEMs. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Statistical significance was defined as *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Cold and Hot Thermal Energy Transmitter {#sec3.1}
--------------------------------------------

The device successfully produced cold and hot energy and transmitted it to the target using air convection. The cooling module was configured using the evaporative cooling system, and the heating module was configured using a coil heater ([Figure 1](#fig1){ref-type="fig"}). In this study, we set up the device to be able to transmit 15°C (cold), 41°C (hot), and alternating cold and hot temperatures to the target area.

3.2. Effect of Thermal Therapy on Ear-Swelling Response and Morphologic Change of TMA-Induced CHS Mice {#sec3.2}
------------------------------------------------------------------------------------------------------

To investigate whether treatment with different air temperature treatment can suppress the changes in ear phenotype induced by TMA, ear-swelling response and morphology of the ear were observed. As shown in [Figure 2(b)](#fig2){ref-type="fig"}, the ear swelling rapidly increased in the TMA-induced CHS model compared to vehicle-treated mice and was further enhanced by hot thermal therapy. Moreover, symptoms including edema, erythema, and erosion were detected in TMA-induced CHS mice and markedly enhanced by hot thermal therapy or alternating cold/hot thermal therapy. However, it was markedly reversed with cold thermal therapy, and these alterations were significantly alleviated by treatment with cold thermal therapy (Figures [2(b)](#fig2){ref-type="fig"} and [2(c)](#fig2){ref-type="fig"}). Overall, these results clearly indicated that only cold thermal therapy may effectively protect the TMA-induced CHS; high or alternating cold/hot thermal therapies may have deficits in regard to CHS.

3.3. Effect of Thermal Therapy on PCA Reaction {#sec3.3}
----------------------------------------------

The augment of vascular permeability of ear tissue is also a typical characteristic in an allergic inflammation model. In this study, the vascular permeability of ear tissue was measured to evaluate the effect of thermal energy therapy on TMA-induced CHS mice induced by tail vein injection of 0.5% Evans blue. As shown in [Figure 3(a)](#fig3){ref-type="fig"}, 10 min after the last TMA challenge, there were obvious increases, becoming progressively darker blue in the left ears of TMA-induced CHS mice compared to vehicle-treated mice. PCA of hot and alternating cold/hot thermal therapies showed similar effects with that of TMA-induced CHS mice. However, the ears treated with cold thermal therapies remain light blue and white. These results were further confirmed by EBD concentration. [Figure 3(b)](#fig3){ref-type="fig"} revealed that the TMA-induced CHS mouse ear had significantly elevated EBD concentration levels, which was reversed following treatment with cold thermal therapy. During the PCA reaction in mice, cold thermal therapy significantly inhibited vascular permeability.

3.4. Effect of Thermal Therapy on IgE Concentration in Serum {#sec3.4}
------------------------------------------------------------

Serum IgE is enhanced in most AD patients (Hoffmann et al., 1975); the ear tissue homogenate IgE concentration in the blood determined whether thermal therapy suppressed the allergic responses in TMA-induced CHS mice. TMA-challenged mice induced a significant increase in serum IgE concentration. In contrast, a strong decrease of IgE concentration was observed in the mice with cold thermal therapy ([Figure 4](#fig4){ref-type="fig"}). These results demonstrated that cold thermal therapy may effectively inhibit TMA-induced CHS.

3.5. Effect of Thermal Therapy on Inflammatory Responses in the Dermis of the Ear {#sec3.5}
---------------------------------------------------------------------------------

To evaluate the anti-inflammatory effect of air treatment on ear tissue, histological analysis of the ear was performed by HE staining. Prominent edema and increased inflammatory cell infiltration in the epidermis and dermis of the ear tissue were observed in TMA-induced CHS and hot thermal therapy mice (Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}). However, the ear swelling was markedly decreased in the mice of thermal therapy, especially in the cold thermal therapy (Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}). In addition, the vehicle-treated mice showed no significantly different effect.

3.6. Effect of Thermal Therapy on Eosinophil Responses in the Dermis of the Ear {#sec3.6}
-------------------------------------------------------------------------------

Consistent with the experimental outcome mentioned above, the infiltration of eosinophils was measured as a cellular mechanism underlying the ear-swelling responses. The pathology pictures of mice ears stained with Congo red are presented in [Figure 5(a)](#fig5){ref-type="fig"}. Compared with the vehicle group, TMA-induced CHS mice showed significant eosinophil infiltration in the dermis of the ear. Also, eosinophil infiltrations of hot and alternating cold/hot thermal therapies showed similar effects with that of TMA-induced CHS mice (Figures [5(a)](#fig5){ref-type="fig"} and [5(c)](#fig5){ref-type="fig"}). In contrast, cold thermal therapy markedly reduced the infiltration of eosinophils (Figures [5(a)](#fig5){ref-type="fig"} and [5(c)](#fig5){ref-type="fig"}). Collectively, these results suggest that cold thermal therapy attenuates TMA-induced CHS by blocking infiltration of eosinophil into the inflamed site.

3.7. Effect of Thermal Therapy on Mast Responses in the Dermis of the Ear {#sec3.7}
-------------------------------------------------------------------------

As shown in [Figure 6](#fig6){ref-type="fig"}, the TMA challenge showed a tendency to increase slightly the mast cells\' infiltration into the dermis of the ear in TMA-induced CHS mice. Moreover, the TMA challenge showed extensive degranulation processes and multiple granules extruding from mast cells, and the rate of mast cell degranulation was increased. Also, we revealed that hot or alternating cold/hot thermal therapy markedly induced the mast cell degranulation similar to that of TMA-induced CHS mice. However, cold thermal therapy suppressed mast cell infiltration and degranulation in the dermis of the ear ([Figure 6](#fig6){ref-type="fig"}). These results clearly indicated that cold thermal therapy attenuated skin inflammation resulting from the inhibition of the mast cell activation such as mast cell degranulation in the ear of TMA-induced CHS.

3.8. Effect of Thermal Therapy on the Release of Th2 Cytokines in Ear Homogenates {#sec3.8}
---------------------------------------------------------------------------------

To clarify the mechanisms underlying the attenuation of TMA-induced CHS mice, we examined the production of inflammatory cytokines including IL-4, IL-5, and IL-13 in the ear tissue using an ELISA kit. The levels of the Th2-mediated cytokine including IL-4 ([Figure 7(a)](#fig7){ref-type="fig"}), IL-5 ([Figure 7(b)](#fig7){ref-type="fig"}), and IL-13 ([Figure 7(c)](#fig7){ref-type="fig"}) were highly augmented in the ear tissue of TMA-induced CHS mice. However, the cold thermal therapy significantly decreased only the levels of IL-4 ([Figure 7(a)](#fig7){ref-type="fig"}) and IL-5 ([Figure 7(b)](#fig7){ref-type="fig"}). In addition, the levels of only IL-4 and IL-5 in ear homogenates positively correlated with the levels of EBD exudation in TMA-induced mice ([Figure 7](#fig7){ref-type="fig"}).

4. Discussion {#sec4}
=============

In this study, a comprehensive study was performed to investigate the effect of cold therapy on the skin inflammation of TMA-induced dermatitis-like CHS in a BALB/c mouse model in comparison with hot and alternating cold/hot thermal therapies. And the possible mechanisms underlying the cold thermal therapy-induced inhibitory effects on the allergic dermatitis were investigated. The inhibitory mechanism of cold therapy observed in this study markedly suggests that the cold thermal therapy demonstrates potent antiallergic effects resulting from the inhibition of mast cell degranulation and Th2 cytokine secretion, especially IL-4 and IL-5.

TMA is sensitizer that induces occupational asthma in humans \[[@B29]\] and is routinely used to trigger T-cell-dependent CHS reactions and Th2-mediated skin inflammation in mice \[[@B8], [@B30], [@B31]\]. Responses of TMA-induced CHS are the infiltration of eosinophils and mast cells as well as the increased secretion of Th2 cytokines. Therefore, the severity of inflammation could easily be evaluated using the measurement of ear-swelling response (ear thickness). In our study, cold thermal therapy not only inhibited TMA-induced ear thickness but also ameliorated the infiltration of eosinophils and mast cells in the inflamed ear. Allergic responses are mainly based on the production and effect of IgE antibodies, and other immunoglobulin classes such as IgG1 and IgG2a have been the focus of allergy research \[[@B30], [@B32]\]. In addition, an allergic response is triggered after allergen-specific IgE and Th2 cells recognize exposed allergens in the environment, and its inflammatory process is involved with many different inflammatory cells including eosinophils and mast cells, cytokines, and other regulatory molecules \[[@B33], [@B34]\]. Therefore, we investigated the levels of total IgE in serum from TMA-induced CHS mice. TMA-induced CHS mice showed highly expressed total IgE in serum. However, cold thermal therapy decreased the level of total IgE, which is a hall marker of the Th2 immune response. These findings imply that cold thermal therapy improves TMA-induced CHS symptoms by reducing the level of total IgE.

Angiogenesis and enhanced microvascular permeability are typical characteristics of a large number of inflammatory diseases \[[@B35]\]. Skin mast cells passively sensitized with antigen-specific IgE are activated upon antigen challenge to cause vascular permeability increase and cutaneous swelling \[[@B36]\]. Cold thermal therapy suppressed the increased vascular permeability of the ear from TMA-induced CHS mice, and this result was consistent with the decrease of total IgE level, mast cell infiltration into the inflamed ear, and mast cell degranulation. These data suggest that cold thermal therapy relieves vascular permeability increase by diminishing the IgE level increase and mast cell activation such as mast cell degranulation.

Infiltration of eosinophils and mast cells into tissues is one of the main characteristics of human allergic inflammation \[[@B37]\], and recruitment of eosinophils and mast cells during allergic inflammation is associated with cells expressing mRNA for IL-4 and IL-5 \[[@B38], [@B39]\]. It has been reported that there is an association between clinical severity and Th2 cell-mediated immune imbalance \[[@B40]\], and IL-4 are related to Th2 differentiation and regulated IgE synthesis \[[@B41]\]. Consistent with the reduction of the infiltration of mast cells and eosinophils into the dermis of the ear, the levels of IL-4 and IL-5 and Th2 cytokines in the ear homogenate were also decreased after cold thermal therapy. The inhibition of IL-4 and IL-5 cytokine activity may contribute to the antiallergic effect of cold thermal therapy.

5. Conclusion {#sec5}
=============

In conclusion, we have demonstrated that cold thermal therapy alleviates allergic skin inflammation in a TMA-induced CHS mouse model and exerts its effect by negatively regulating skewed IL-4 and IL-5 responses and mast cell activation. These findings suggest that cold thermal therapy could be a useful modality for the treatment of contact dermatitis and mast cell-mediated allergic diseases.
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![Thermal energy transmit diagram.](MI2019-1936769.001){#fig1}

![Experimental protocol and inflammation parameter for trimellitic anhydride- (TMA-) induced allergic response in BALB/c mice. (a) Experimental protocol. (b) Ear thickness and (c) photographs were taken after TMA challenges. Data are shown as the mean ± SEM. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Significant differences at ^\#\#^*P* \< 0.05 and ^\#\#\#^*P* \< 0.001 compared with the TMA-induced CHS group.](MI2019-1936769.002){#fig2}

![Effect of thermal therapy on passive cutaneous anaphylaxis of TMA-induced CHS. (a) Vascular permeability and (b) Evans blue concentrations were determined after the last TMA challenges. Data are shown as the mean ± SEM. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Significant differences at ^\#\#\#^*P* \< 0.001 compared with the vehicle group. ^∗∗∗^*P* \< 0.001 compared with the TMA-induced CHS group.](MI2019-1936769.003){#fig3}

![Effect of thermal therapy on the increased IgE of TMA-induced CHS. Serum was collected 24 hours after the last TMA challenge. Data are shown as the mean ± SEM. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Significant differences at ^\#\#\#^*P* \< 0.001 compared with the vehicle group. ^∗^*P* \< 0.01 and ^∗∗^*P* \< 0.05 compared with the TMA-induced CHS group.](MI2019-1936769.004){#fig4}

![Effect of thermal therapy on histological changes of the ear in TMA-induced CHS. (a) Photographs of the ear stained by H-E and Congo red. (b) Ear thickness was taken 24 hours after the last TMA challenge. (c) The number of eosinophils in the ear was taken 24 hours after the last TMA challenge. Data are shown as the mean ± SEM. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Significant differences at ^\#\#\#^*P* \< 0.001 compared with the vehicle group. ^∗∗∗^*P* \< 0.001 compared with the TMA-induced CHS group. Bar sizes are 50 *μ*m.](MI2019-1936769.005){#fig5}

![Effect of thermal therapy on mast cell activation in the ear of TMA-induced CHS. (a) Photographs of the toluidine blue-stained ear, (b) mast cell number in the dermis of the ear, and (c) mast cell degranulation rate were taken 24 hours after the last TMA challenge. Data are shown as the mean ± SEM. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Significant differences at ^\#\#\#^*P* \< 0.001 compared with the vehicle group. ^∗^*P* \< 0.01, ^∗∗^*P* \< 0.05, and ^∗∗∗^*P* \< 0.001 compared with the TMA-induced CHS group. Bar sizes are 100 and 50 *μ*m.](MI2019-1936769.006){#fig6}

![Effect of thermal therapy on Th2 cytokines in ear homogenates of TMA-induced CHS. (a) IL-4, (b) IL-5, and (c) IL-13 were taken 24 hours after the last TMA challenge. Data are shown as the mean ± SEM. Statistical comparisons were performed using one-way ANOVA, followed by the Fisher test. Significant differences at ^\#\#^*P* \< 0.05 and ^\#\#\#^*P* \< 0.001 compared with the vehicle group. ^∗∗^*P* \< 0.05 compared with the TMA-induced CHS group.](MI2019-1936769.007){#fig7}
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